the genetic heterogeneity of the United states Hispanic population. the mitochondrial haplogroup distributions in the other self-identified racial/ethnic groups within nHanes were largely comparable to previous studies. Mitochondrial haplogroup classification was highly concordant with self-identified race/ethnicity (sIre) in nonHispanic whites (94.8 %), but was considerably lower in admixed populations including non-Hispanic blacks (88.3 %), Mexican americans (81.8 %), and other Hispanics (61.6 %), suggesting sIre does not accurately reflect maternal genetic ancestry, particularly in populations with greater proportions of admixture. thus, it is important to consider inconsistencies between sIre and genetic ancestry when performing genetic association studies. the mitochondrial haplogroup data that we have generated, coupled with the epidemiologic variables in nHanes, is a valuable resource for future studies investigating the contribution of mtDna variation to human health and disease.
Introduction
Mitochondria, the primary energy producers of the cell, are unique organelles that maintain their own Dna (mitochondrial Dna, mtDna) separate from the nucleus. the human mitochondrial genome, a double stranded, circular chromosome spanning approximately 16.6 kb, encodes 22 trnas, 2 rrnas, and 13 proteins that are part of the respiratory chain complexes. this compact genome is maternally inherited, has a high mutation rate, and does not undergo recombination. Mitochondria are essential to cellular metabolism, and mtDna variation has been associated with multiple complex diseases including cancer (Canter et al. 2005; Wallace 2012; Zheng et al. 2012) , type 2 diabetes (Wang et al. 2001;  Abstract Mitochondrial Dna (mtDna) haplogroups are valuable for investigations in forensic science, molecular anthropology, and human genetics. In this study, we developed a custom panel of 61 mtDna markers for high-throughput classification of european, african, and native american/asian mitochondrial haplogroup lineages. Using these mtDna markers, we constructed a mitochondrial haplogroup classification tree and classified 18,832 participants from the national Health and nutrition examination surveys (nHanes). to our knowledge, this is the largest study to date characterizing mitochondrial haplogroups in a population-based sample from the United states, and the first study characterizing mitochondrial haplogroup distributions in self-identified Mexican americans separately from Hispanic americans of other descent. We observed clear differences in the distribution of maternal genetic ancestry consistent with proposed admixture models for these subpopulations, underscoring Crispim et al. 2006; tang et al. 2006; soini et al. 2012) , and neurological disorders such as Parkinson's and alzheimer's (van der Walt et al. 2003 Walt et al. , 2004 . additionally, epidemiologic studies indicate that some common complex diseases, such as diabetes (alcolado and alcolado 1991; thomas et al. 1994; Young et al. 1995) and preterm birth (alleman et al. 2012) , exhibit strong maternal inheritance supporting the notion that mitochondrial genome variation could contribute to underlying disease etiology.
Mitochondrial haplogroups are collections of similar haplotypes defined by combinations of single nuclear polymorphisms (snPs) in mtDna inherited from a common ancestor. these haplogroups are formed as a result of the sequential accumulation of mutations through maternal lineages (Wallace 2013) . Common complex diseases have been associated with specific mitochondrial haplogroups, including alzheimer's disease with haplogroup U (van der Walt et al. 2004 ) and age-related macular degeneration with the JtU haplogroup cluster (Kenney et al. 2013 ). Due to population migration, distinct lineages of mtDna are associated with major global groups including african, european, native american/asian, and Oceanic/aboriginal australian (Forster 2004; Wallace 2013 ) raising the possibility that mtDna variation could contribute to the differences in disease prevalence observed among racial/ethnic groups.
Despite strong evidence that mtDna variation plays a role in the development and progression of complex human diseases, mitochondrial genetic variation has been largely ignored in the context of genome-wide association studies (GWas), highlighting the need for studies investigating the contribution of mtDna variation to human health and disease. single mtDna variants can be used in association studies; however, the use of mitochondrial haplogroups is also an important way to characterize the effect of mtDna variation on normal trait variance or disease phenotypes. a consistent lack of adequate mitochondrial markers on GWas fixed content arrays, along with poor characterization of mitochondrial haplogroups contribute to the general paucity of mitochondrial genetic association discovery. In the present study, we identify a set of mitochondrial markers for highthroughput classification of mitochondrial haplogroups and use these markers to characterize the mitochondrial haplogroups in one of the largest collections of population-based samples from the United states creating a valuable resource for future genotype-phenotype correlations.
Materials and methods
study population the national Health and nutrition examination surveys (nHanes) are large, population-based surveys conducted in the United states by the national Center for Health statistics (nCHs) at the Centers for Disease Control and Prevention (CDC). each survey collects demographic, lifestyle, and health data from participants using questionnaires, standardized medical examinations, and clinical laboratory measures such as levels of cholesterol, triglycerides, hormones, and other biomarkers. additionally, Dna is collected for a subset of survey participants for Genetic nHanes. all study procedures were approved by the CDC's ethics review Board and written informed consent was obtained from all study participants.
We accessed Dna samples from nHanes III, nHanes 1999 -2002 , and nHanes 2007 -2008 , for a total of 19,608 samples. each of these surveys employed a complex study design that oversampled from minority populations. nHanes III was conducted in two, 3-year phases initiating in 1988 and 1991; Dna sample acquisition began in phase II (1991 II ( -1994 ) and a total of 7,159 Dna samples from participants greater than or equal to 12 years of age are available for study. Beginning in 1999, nHanes became a continuous survey conducted annually. a total of 7,838 and 4,611 Dna samples from participants aged 20 years or older are available for nHanes 1999 -2002 and nHanes 2007 -2008 . no identifying information is available to study investigators; therefore studies accessing nHanes are considered non-human subjects research by vanderbilt University's Institutional review Board (IrB #061062; Hs2 committee).
the self-identified racial/ethnic groups included in nHanes are non-Hispanic white, non-Hispanic black, Mexican american, other Hispanic, and other race. the "other Hispanic" category was created in the transition from nHanes III to continuous nHanes and includes participants of Hispanic descent who did not self-identify as Mexican american, including Hispanic blacks. as there was not a separate category for other Hispanics in nHanes III, participants of Hispanic descent who did not self-identify as Mexican american were included in the "other race" category which also included those participants that self-identified with racial groups other than "white" or "black". as a result, the "other race" category is not comparable between nHanes III and continuous nHanes. therefore in the present study, data for those self-identified as "other race" in nHanes III were analyzed separately.
each survey employs a complex sampling design that oversamples minorities, therefore, the racial/ethnic distribution differs across the nHanes III, nHanes 1999-2002, and 2007-2008 (Herrnstadt et al. 2002; van der Walt et al. 2003; Poole et al. 2010; Paneto et al. 2011 ), a total of 63 mitochondrial snPs (mtsnPs) were selected for genotyping to classify the major selfidentified racial/ethnic groups within nHanes (non-Hispanic white, non-Hispanic black, and Mexican american) into haplogroups (table s1) . european (H, I, J, K, t, U, v, W, and X), african (l0, l1, l2, l3, and l4), and native american/asian (a, B, C, and D) mitochondrial haplogroup-defining snPs were chosen. those snPs appearing only once in Phylotree, and thus defining a single haplogroup, were preferentially selected.
Dna for nHanes III is distributed as crude cell lysates, while purified Dna aliquots are distributed for nHanes 1999-2002 and 2007-2008 samples. snPs were genotyped using the sequenom iPleX ® Gold Massarray platform by the Center for Human Genetics research Open Wet lab and the Dna resources Core at vanderbilt University. three snP pool assays were designed using sequenom MassarraY software; multiplex primer extension was performed and the extension products were analyzed via MalDI-tOF mass spectrometry (tang et al. 2004) .
all genotype data generated on nHanes Dna samples were returned to the CDC and deposited into the Genetic nHanes database where it is available for secondary analyses via nCHs application. In addition to experimental nHanes Dna, we genotyped blinded duplicates provided by the CDC for concordance checks and quality control. snPs that are greater than 5 % discordant among duplicate samples are rejected by the CDC and not deposited into the Genetic nHanes database. One snP in nHanes III and five snPs in nHanes 1999-2002 did not meet the duplicate concordance required by the CDC, and therefore were excluded. We also performed internal quality control separately for each nHanes data set. two snPs were excluded in all three data sets and an additional three snPs were excluded in the nHanes III and 1999-2002 Mitochondrial haplogroup classification a simplified mitochondrial classification tree, rooted at the most recent common ancestor (MrCa), was created based on the mitochondrial snPs genotyped (Fig. 1) . We developed an algorithm to automate mitochondrial haplogroup classification and all resultant classifications were manually reviewed for accuracy. In this study, we do not present the data for individual haplogroup subclades, but collapse participants classified in a subclade into the parent haplogroup. For example, participants in haplogroup a include those classified as 'a', 'a4', and 'a2'. Overall, approximately 4 % of samples were not classified due to missing genotype data. nHanes III had the highest proportion of unclassified samples (6.7 %) likely due to lower quality of Dna compared with the continuous nHanes samples of which fewer than 3 % were unclassified.
Results

Mitochondrial haplogroup classifications
Mitochondrial haplogroups were determined for 96 % of participants in the three nHanes data sets. as expected, the distribution of haplogroup ancestries was similar to the distribution of self-identified race/ethnicities within each survey (Fig. 2) . among the total self-identified nonHispanic whites classified (n = 8,537) across the three surveys, 94.8 % of mitochondrial haplogroups were of european origin (Fig. 3) . not unexpectedly, the most common haplogroup observed among non-Hispanic whites was haplogroup H with an average frequency of 43.0 % across the surveys (table 2). Haplogroup U was the second most common haplogroup observed among non-Hispanic whites with an average frequency of 13.6 % across the surveys. the average frequencies of haplogroups t, J, and K were 9.6, 9.2, and 8.4 %, respectively. each of the remaining european haplogroups (I, v, W, X, Hv, and Jt) were observed among fewer than 5 % of non-Hispanic whites. the native american/asian haplogroup lineages and african haplogroups were observed at combined average frequencies of 1.1 and 1.0 %, respectively, among self-identified non-Hispanic whites. among the total self-identified non-Hispanic blacks classified (n = 4,078) across the three surveys, 88.3 % of mitochondrial haplogroups observed were of african lineages (Fig. 3) . the most frequently observed haplogroup among non-Hispanic blacks was l3 with an average frequency of 33.9 % across the three surveys, followed by l2 (29.9 %), l1 (19.0 %), l0 (4.3 %), and l4 (1.2 %). the european and native american/asian lineage haplogroups were observed at combined average frequencies of 6.3 and 1.7 %, respectively, among self-identified non-Hispanic blacks. among the total self-identified Mexican americans classified (n = 4,623) across the three nHanes surveys, 81.8 % of mitochondrial haplogroups observed were of native american/asian origin (Fig. 3) . Haplogroup a was the most commonly observed haplogroup among Mexican americans, with a combined average frequency of 34.2 % across the surveys, followed by haplogroups B (20.1 %), C (20.0 %), and D (7.5 %). Haplogroups of european and african origin were observed among self-identified Mexican americans at combined average frequencies of 13.2 and 4.4 %, respectively. among the total classified from those self-identified as other Hispanic in continuous nHanes (n = 921), 61.1 % of haplogroups were of native american/asian origin, while 18.0 and 19.3 % were of european and african descent, respectively (Fig. 3) . While the distribution of ancestries differed between the Mexican americans and other Hispanics, the relative frequencies of native american haplogroups were similar between the two groups, with haplogroup a being the most common. Fig. 1 Mitochondrial haplogroup classification tree. simplified mitochondrial phylogenetic tree for classification of european (blue), african (red), and native american/asian (green) mitochondrial haplogroup lineages; eurasian macrohaplogroups are in orange and the checkered boxes indicate haplogroups that were included in counts of the corresponding parent eurasian macrohaplogroup. mtsnPs in bold are found in a single haplogroup and those followed by (exclamation mark) indicate reversions. MRCA most recent common ancestor among the total classified from those self-identified as "other race" (n = 311) in nHanes III, approximately onethird (33.8 %) of mitochondrial haplogroups were of native american/asian origin, 27.3 % were of african origin, and 16.1 % were of european origin (Fig. 3) . Contrastingly, among those self-identified as "other race" (n = 362) in the combined continuous nHanes data sets only 19.3 % of mitochondrial haplogroups were of native american/asian origin, while 22.4 and 9.4 % were of european and african origin, respectively (Fig. 3) .
approximately half (48.9 %), of those who self-identified as "other race" in continuous nHanes, could only be classified at the resolution of eurasian macrohaplogroup (M, n, or r). this is not unexpected given that snPs were selected to define mitochondrial haplogroups of european, african, and native american origin. It is likely these participants have mtDna lineages not captured by the snPs genotyped, such as east asian haplogroups F, G, and subclades of M.
Discussion
this is the largest study to date characterizing mitochondrial haplogroups in a population-based sample from the Us. In this study, we developed a custom mitochondrial snP panel for high-throughput classification of european, african, and native american/asian mitochondrial haplogroup lineages for eventual genotype-phenotype association studies. Using these markers, a simplified mitochondrial phylogenetic tree was constructed for haplogroup classification. applying this method, we determined the mitochondrial haplogroups for 18,832 participants from the nHanes III, 1999 III, -2002 III, , and 2007 III, -2008 data sets.
the distributions of mitochondrial haplogroup ancestries among non-Hispanic whites and non-Hispanic blacks within nHanes are comparable to previous reports, including those from the scientific Working Group on Dna analysis Methods (sWGDaM) for Caucasians (n = 1,402) and african americans (n = 1,148) (allard et al. 2002, 2005) . One notable exception was the identification of haplogroups l0 and l4 among the nHanes non-Hispanic blacks, as these haplogroups were not observed among the sWGDaM african american samples. this difference in mitochondrial haplogroup distributions between nHanes and sWGDaM data sets is most likely due to differences in sample size and possibly geographic origin of samples. the Us Hispanic population is a genetically heterogeneous group that includes individuals originating from both latin america and the Iberian Peninsula. Based on data from the 2011 american Community survey conducted by the Us Census Bureau, Hispanics make up nearly 17 % of the Us population, and approximately two-thirds of Us Hispanics originated from Mexico (http://www.pewhispa nic.org/2013/02/15/hispanic-population-trends/ph_13-01-23_ss_hispanics1/). In general, previous studies characterizing mitochondrial haplogroup distributions in Us Hispanics have not differentiated between individuals of Mexican descent and Hispanics originating from other countries (Merriwether et al. 1997; allard et al. 2006; Bertoni et al. 2003; levran et al. 2012) . In this study, we show there is a difference in the distribution of mitochondrial haplogroup ancestries between self-identified Mexican americans and other Hispanics in nHanes. the distribution of haplogroup ancestries in the nHanes Mexican americans is very similar to those reported in a recent study by Kumar et al., in which the mitochondrial genomes of 384 Mexican americans were sequenced (Kumar et al. 2011) . In contrast, the distribution of mitochondrial haplogroup ancestries in the sWGDaM Us Hispanics (allard et al. 2006 ) differs from both the nHanes Mexican americans and other Hispanics. the sWGDaM Hispanic americans (n = 686) have a lower proportion of native american ancestral haplogroups compared with the nHanes Mexican americans and a higher proportion compared with the nHanes other Hispanics. However, when the southwestern Us Hispanics (n = 245) in the sWGDaM are examined separately, the mitochondrial haplogroup distributions are comparable to the nHanes Mexican americans. likewise, the distribution of mitochondrial haplogroup ancestries in the remaining sWGDaM Us Hispanics (n = 441) is very similar to the nHanes other Hispanics. this makes sense given that the sWGDaM southwestern Us Hispanics were from texas and new Mexico and therefore most likely of Mexican descent. the observed differences are consistent with proposed admixture models for these populations in which Mexican americans are primarily the result of a two-way admixture event between native americans and europeans, and to a lesser degree africans, while Hispanics of other origins exhibit a tri-hybrid ancestry including native american, european, and african contributions (Hanis et al. 1991; Bertoni et al. 2011; Kumar et al. 2011) .
Overall, we observed high concordance between selfidentified race/ethnicity (sIre) and mitochondrial ancestral lineage for the non-Hispanic white group. as expected, concordance was lower among non-Hispanic blacks, Mexican americans, and the other Hispanics, consistent with the higher percentage of population admixture typically observed in these racial/ethnic groups. thus, while relatively few non-Hispanic whites (<3 %) would be reclassified based on mitochondrial haplogroup classification, a larger percentage of non-Hispanic blacks (8.0 %), Mexican americans (17.5 %), and other Hispanics (37.3 %) would be reclassified (table s2) . this suggests that sIre may not accurately reflect maternal genetic ancestry particularly in populations with greater proportions of admixture, and thus is not a reliable surrogate for genetic ancestry.
While there are a number of studies which describe the distribution of mitochondrial haplogroups for Us Hispanics, to our knowledge this is the first study characterizing the distribution of mitochondrial haplogroups in self-identified Mexican americans separately from self-identified other Hispanics in the Us. the differences observed in maternal ancestry between these two groups highlight the importance of including mitochondrial variation in genetic studies to adjust for population stratification. the mitochondrial snP panels designed in this study can be used to capture the maternal contribution to admixture and would complement the current practice of characterizing admixture using only nuclear ancestry informative markers.
One limitation of this study is the resolution of mitochondrial haplogroup classification that can be achieved with the snPs genotyped. In this study, we performed targeted genotyping of mitochondrial variants that allows samples to be broadly classified into haplogroups, with relatively few snPs that define subclades of these major haplogroups. While sequencing the entire mitochondrial genome would provide much finer resolution, it is expensive and therefore is generally not feasible for large-scale studies such as this one.
the unique characteristics of mtDna, including high copy number, high mutation rate, and maternal inheritance, make this genome useful for a variety of applications including molecular anthropology and forensic science, as well as human and medical genetics. the inclusion of mitochondrial variants in genetic studies is essential for understanding the role mitochondrial genetic variation plays in human health and disease. We have generated a valuable resource that, coupled with the epidemiologic and clinical lab variables available in nHanes, can be used for future studies investigating genotype-phenotype correlations. these mtDna variants can be used in conjunction with nuclear snPs to adjust for population stratification in association studies involving the nuclear genome as well as in direct investigations of the effect of mitochondrial genetic variation on specific phenotypes, and analysis of nuclearmitochondrial genome interactions. such studies will help uncover the contribution of mitochondrial genetic variation to normal trait variance as well as to complex disease.
